Spatial localization in tissue sections has traditionally focused on protein distribution and relied on the use of immunohistochemistry. The assessment of lipid spatial distribution has been even more diffi cult as immunohistochemical methods are not available. Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) has been developed and successfully used for spatial localizations of proteins, peptides, and lipids ( 1, 2 ). MSI generates two-dimensional molecular maps from particular ions, which are directly desorbed/ionized from the surface of the tissue ( 2, 3 ). This gives an opportunity to detect molecules of interest at multiple points in whole tissue sections. MSI allows for precise localization of chemical information in a tissue section, and this is the main reason the technique has become a popular tool in bioanalytical, biological, and medicinal chemistry. Several MS-based methods have been developed for molecular imaging of lipids in tissues. The main focus has been on traditional ionization techniques based on desorption/ ionization in a vacuum, mainly secondary ion mass spectrometry (SIMS) ( 4, 5 ) and MALDI ( 6 ). However, ambient ionization techniques, such as desorption electrospray (DESI) ( 7-9 ) or desorption atmospheric pressure photo ionization (DAPPI) ( 7 ), were also introduced for lipid imaging of tissue sections.
glued on a cryostat steel plate using plain water and were then cut into 12 µm sections from the equatorial plane. Single slices were thaw-mounted onto an indium tin oxide (ITO) glass slide (conductive glass slides for MALDI imaging, Bruker Daltonics, Bremen, Germany) with a thin layer of ethanol (2 µL, Merck, Germany). The tissue slice on the ITO glass slide was placed in a desiccator for 10 min and then immediately covered with a MALDI matrix using an ImagePrep deposition device (Bruker Daltonics, Germany). The MALDI matrix was ␣ -cyano-4-hydroxycinnamic acid (CHCA) (Sigma-Aldrich, Germany) and was prepared at a 7 mg/ml concentration in 50:50 (v/v) acetonitrile:trifl uoroacetic acid (0.2%) (Sigma-Aldrich, St. Louis, MO, USA). The tissue was analyzed immediately after the matrix deposition. The fi xed tissue on ITO glass was imaged with a Nikon scanner (Coolscan VED, Nikon, Tokyo, Japan) before and after matrix deposition.
Mass spectrometry imaging
MALDI MSI of porcine lens was performed using an APEX Ultra 9.4 T FT-ICR (dual ion source ESI/MALDI, Bruker Daltonics, Germany) mass spectrometer. MALDI imaging was conducted using a smart beam laser (200 Hz) with a diameter spot of 50 µm. The mass spectra data set was acquired from the whole area of porcine lens with a 150 µm raster step size and 600 laser shots per spot. One spectrum acquired per pixel was suffi cient for satisfactory signal intensity over the whole porcine lens. Mass spectra were acquired in positive ion mode within a mass range of 200-1100 m/z and 512,000 data points collected. Mass resolution at 400 m/z was 66,000. Time fi ll for an ICR cell was 1,400 s. Spectra were apodized using square sin apodization with one zero fi ll.
Data analysis
Spatial distribution of lipids of interest was visualized using FlexImaging software (Version 2.1, Bruker Daltonics, Germany). Data were normalized to total ion count, and each lipid was displayed within an interval of ±0.002 amu. Mass spectra were open in Data Analysis (Version 4.0, Bruker Daltonics, Germany) for qualitative analysis. Internal calibrations were conducted with CHCA matrix using a 4-point linear trend. The peak list was exported into the publicly accessible search algorithm LIPID MAPS, which is available on the Internet ( 18 ) . The LIPID MAPS database was searched with a tight tolerance of 0.01 amu for protonated ions and sodium and potassium adducts. Resulting lipids were cross-checked in DataAnalysis for matching molecular formulas and isotopic patterns.
ImageJ software (version 1.43i 64-bit on Mac OS X) ( 19 ) was used to measure the local abundance of lipids from MS images. Colored images of lipid distribution from FlexImaging were transferred to ImageJ and converted into grayscale images. The edge of the nucleus was fi rst marked, and the cortex area and Mean Gray Values were assessed directly. The Mean Gray Value of the cortex was obtained by subtracting the Mean Gray Value of nucleus from the Mean Gray Value of the entire lens. Two default area patterns, including one for the nucleus and a second for the entire tissue, were created using the software and applied to all lens images to measure the local gray channel gain. Measured local intensities of lipids were visualized from changes in the Mean Gray Value. Results were further processed in Microsoft Excel (Microsoft, Version 2007).
RESULTS AND DISCUSSION

Sample preparation
One of the key steps in MALDI imaging is sample preparation, which strongly affects the quality of the MS image. Important factors in sample preparation include the cutphosphorylation and protein truncation, occur at distinct areas of the lens, suggesting that these modifi cations may affect global lens functioning ( 10 ). We are not aware of any published studies that have used MSI for mapping lipids in lenses. Rujoi et al. ( 13 ) , however, performed MALDItime of fl ight (TOF) MS analysis of neutral phospholipids in selected spots of the lens tissue.
The avascular intraocular lens is composed of concentric layers of fi ber cells. Newly formed fi ber cells lose their internal organelles and are translocated from the equatorial plane of the lens toward its center. Consequently, cells are successively layered, forming an onion-like structure where the oldest fi ber cells are positioned at the innermost segment (nucleus) of the lens, and the younger cells are located in the cortical region (cortex) of the lens. This process begins in early embryogenesis and continues throughout an organism's life. The plasma membrane becomes practically the only membrane of the lens because of the loss of internal organelles in lens fi ber cells. It is unique because it contains high concentrations of aquaporin 0 (AQP0), a 26 kDa water channel protein that lacks polyunsaturated phospholipids and contains unusually high concentrations of sphingomyelins (SM) and cholesterol ( 14, 15 ) . The cholesterol content of the lens is the highest of all tissues. The presence of high concentrations of SMs and cholesterol are likely to increase the rigidity of fi ber cell plasma membranes and may contribute to cataractogenesis.
Previously, we and others used MALDI-TOF MS to identify the major lipid components of the porcine lens ( 13, 16 ) . We found that the major phospholipid components were long chain phosphatidylcholines (PC) and SMs. The long chain PCs and SMs likely caused ordering of the lens fi ber membranes and allowed for more interactions between phospholipids and cholesterol ( 17 ) .
We have extended our previous studies to provide spatial organization of SMs and other identifi ed sphingolipid species in clear porcine lenses using ultra high resolution MALDI imaging coupled with Fourier transform ion-cyclotron resonance mass spectrometry (FT-ICR MS). An advantage of FT-ICR MS over TOF MS is the superior resolution and mass accuracy of the FT-ICR instrument, which allows for clear determinations of exact masses and, consequently, more confi dent identifi cation of lipid species.
MATERIALS AND METHODS
Tissue preparation
Porcine eyes from ‫ف‬ 2-year-old animals were obtained from a local abattoir and transferred to the laboratory within 6 h of death. Lenses were extracted immediately upon arrival by excision with an anterior approach and stored on ice during transportation in a physiological saline solution. Animals were treated in accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals and Ethical Committees. These organizations approved this research. Tissues were shock-frozen in liquid nitrogen and stored in a freezer at Ϫ 80°C. Lenses were left to adapt to the cryostat cutting temperature ( Ϫ 20°C) for 2 h prior to cutting (Leica CM 1950, Leica Biosystem, Germany). Lenses were frozenat Terkko -National Library of Health Sciences, on May 16, 2016 www.jlr.org
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However, such matrix deposition procedures may affect the tissue stability. If the tissue slice is not properly affi xed to the MALDI surface, alternating the wetting and drying during MALDI matrix deposition may cause tissues to fl ake. In our experiment, six sliced lenses were attached on an ITO glass slide. However, usually only one or two slices stayed intact after MALDI matrix deposition and were usable for further MALDI MSI analysis. This outcome is not surprising considering that others have reported diffi culties with attaching fragile lenses to surfaces ( 13 ) . The importance and necessity of using a fi xative agent for MSI of the ocular lens is displayed in Fig. 1 . Plain thaw-mounting of the ocular lens to ITO glass was not suffi cient for preserving the tissue integrity during the MALDI matrix deposition. In these cases, the tissue ruptured into fl akes. In contrast, the application of ethanol soft-landing preserved the entire area of the tissue.
Previous MALDI-TOF MS studies aimed to obtain information about the regional distribution of lipids in ocular lens. These studies were based either on the analysis of separate extracts of the nucleus and cortex ( 20 ) or on the direct analysis of the tissue with the manual collection of spectra from several spots ( 13 ) . The compound, 2,5-dihydroxybenzoic acid (DHBA), which is a common MALDI matrix, was used in the fi rst study; however, the second study claimed that DHBA caused poor signal-to-noise ratios for porcine lenses. Therefore, a matrix based on 4-nitroaniline (PNA) was used instead. Nevertheless, both methods produced valuable MALDI-MS spectra of lipids. In the current study, CHCA was used. Previous MSI experiments in our laboratory have proven that CHCA matrix is advantageous for MALDI analysis of small molecules in tissue sections. In addition, CHCA, which forms smaller crystals on the tissue surface than DHBA, helps to maintain a good lateral resolution.
MALDI MSI
In MALDI MSI, the laser performs a raster scan across the tissue section of the entire lens within a set raster patting temperature, thickness of the slice, consistency of the tissue, matrix deposition, and the skills of the operator. The onion-like structure of the lens is especially prone to damage during cutting, and careless handling may result in undesirable loss of tissue parts. This may in turn lead to a loss of chemical information from the missing area of the tissue section. To preserve the tissue integrity, the slice was attached to an ITO glass slide using ethanol-assisted soft-landing. Similar approaches with methanol ( 10, 11 ) and ethanol ( 1 ) have previously been used to fi x animal lenses on MALDI surfaces for MSI of proteins. Unlike proteins, lipids are soluble in ethanol. Therefore, we deduced that a more polar solvent could possibly prevent deterioration of the spatial distribution of lipids in the tissue. However, using water to fi x the ocular lens on the ITO glass did not help to preserve the tissue structure. The tissue, which was cut and transferred onto the ITO glass at Ϫ 20°C, did not establish good contact with the ice. This improper fi xing caused ruptured tissue during the MALDI matrix deposition. The same result was observed with untreated tissue thaw-mounted on the ITO glass. To minimize the possible dilution of analytes with ethanol after soft-landing, minimum amounts of ethanol were spread on the ITO surface. Excess ethanol was evaporated within a couple of seconds of tissue attachment by placing a fi nger on the other side of the glass slide. Visual observation of the ethanol soft-landing procedure showed that the solvent did not penetrate through the tissue, which suggests that the bottom side was fi xed to the ITO surface, while the upper part was left intact.
The matrix deposition in MALDI is another crucial factor during sample preparation. The matrix should be applied on the tissue surface to create a uniform layer of crystals that dissolves the analytes and facilitates the desorption/ionization process during laser irradiation. In addition, deposition of the matrix solution should not dissolve the analytes excessively to prevent the deterioration of their spatial distribution in the tissue, which is usually accomplished by repeating matrix deposition and drying. Fig. 1 . Comparison of two different sample preparation procedures. In procedure A, the ocular lens was attached to ITO glass by common thaw-mounting. This procedure did not preserve the fragile structure of the tissue during the MALDI matrix deposition, and some tissue parts fl aked off (left scan). In procedure B, a thin layer of ethanol was used for soft-landing the ocular lens to the ITO glass (right scan). MS images in the lower row compare molecular images deteriorated by unsuitable sample preparation (left) to the successful ethanol-soft landing procedure (right). Black void spots with no lipid signal indicate places where the tissue was removed (observed using procedure A). ITO, indium-tin oxide; MALDI, matrix-assisted laser desorption/ionization; SM, sphingomyelin. 
We identifi ed a number of SM species in the porcine lens ( Table 1 ) , consistent with previous studies ( 13, 16, 24 ) . The protonated ions as well as the sodium and potassium adducts of all identifi ed SMs were observed. The sodium adduct was the most abundant, followed by the protonated ion (40-75% abundance relative to Na adducts) and the potassium adduct (21-28% abundance relative to Na adducts). Exact masses of all adducts were analyzed for the molecular formula match, with an accuracy <2 ppm in most cases. Spectra were checked for isotopic pattern agreement, which was positive in all cases. Ultra high resolution MS analyses allow for the identifi cation of molecular formulas with high mass accuracy. This attribute increases our confi dence that correct molecular formulas are assigned to analytes of interest. However, resolving isobaric compounds may represent a limitation for the current method, particularly for low-intensity ions, such as SMs, which are diffi cult to subject to tandem MS. An exact mass of 787.6680 was identifi ed in the database as a protonated ion of SM (18:1/22:0) or SM (18:0/22:1). Structural information could not be mined from the tandem MS experiment due to the low intensity of the parent ion. This ion has been previously identifi ed in animal and human ocular lenses as SM (18:1/22:0) ( 13, 24 ) . In this study, we followed previous analyses and present the molecular ion lateral distribution based on an exact mass tern. The intensity of the m/z signal is plotted against its position to construct a molecular image. The spatial distribution of a molecule of interest is usually overlaid with an optical image to correlate chemical composition with visible structure. The advantage of MSI experiments conducted in this study is that the entire lens was examined to reveal the distribution of individual lipids or molecules of interest. In this study, we have analyzed the regional distribution of sphingolipid species in porcine lens. Figure 2 shows an average MALDI FT-ICR MS spectrum obtained from a single spot of a porcine lens tissue section. The spectrum shows a pattern of peaks between m/z 600 and 900 that were attributed mostly to phospholipid species. This work focuses on sphingolipids, but several other lipid classes were identifi ed with high confi dence. We were not able to detect the cholesterol ion nor its dehydrated fragment ion, probably due to the strong integration of cholesterol molecules in the lens or because cholesterol is partly crystallized in the lens. The localization of cholesterol in tissues was performed instead using SIMS ( 4, 21, 22 ) and DESI ( 7, 23 ) .
The benefi t of ultra high resolution MS in MSI is demonstrated for a lipid with a nominal mass of 787 ( Fig. 3 ) . While the isotopic peak at exact m/z of 787.6685 represents the SMs (22:0) in its protonated form, the neighboring peak at m/z 787.6042 is an unknown ionized molecule. MS instruments with lower resolution analyzers would not be able to resolve the two peaks, and their overlap would phosphates (CerP) ( Table 1 ) . In contrast to SMs, these ceramide-1-phosphates were detected only as the sodium adduct. High abundance of sodium adducts could be the result of the tendency for phosphates to form salts, and sodium salts were introduced during our matrix deposition. Conversely, SMs have high proton affi nities due to the presence of two nitrogens; thus, protonated forms of SMs were also observed in relatively high abundance. Another factor that can contribute to the elevated abundance of sodium adducts is higher stability of alkali metal adducts than proton adducts in the gas phase, which is the MALDI environment during the desorption/ionization process. Figure 4 shows the two-dimensional distribution of all identifi ed SM species and two ceramide-1-phosphates in an equatorially sliced porcine lens. For each lipid, the sodium adduct was chosen for visualization. The spatial distributions of all protonated molecules and adducts were identical. Black spots indicate points without a detectable signal (below the respective limit of detection). In the MS images, the white line defi nes the contour of the porcine lens. The distribution of SMs and ceramide-1-phosphates correlate with the structure of the ocular lens, and the nucleus is distinctly visible as being apart from the cortex. Some lipids are also present outside of the lens, which was probably caused by the ethanol used to fi x the tissue to the ITO glass slide. Ethanol dissolved some compounds from the bottom part of the tissue. This dissolution is particularly visible at the top of some images as a sharp change in the lipid intensity toward the outside of the edge of the rastered area. In the case of dissolving lipids from the upper part of the tissue, transitions in lipid intensity at the edge of the tissue would be continuous. This transition demonstrates that the upper part of the tissue stayed intact without contacting the ethanol, and the lateral distribution of assignment by FT-ICR MS. However, identifi cation and discovery of new biomarkers and metabolites requires analysis complementary to MSI, which is usually performed by LC-MS of the tissue extract ( 25 ) .
No glycosphingolipid species were detected in this analysis. Interestingly, ceramides were not observed with the exception of a (18:1/18:1) and (18:1/20:0) ceramide-1- are distributed in the lens in concentric layers, and so reproducible quantitative information can be obtained from a small part of the tissue. This was probably the reason that we obtained outcomes similar to the study by Rujoi et al. ( 13 ) . Chemometric standards have not yet been established for MSI, mainly because of the unique properties of each biological tissue, making assessment of the reproducibility ambiguous, and the very high time demands for the experimental time. The data presented in Fig. 5 were obtained from two sets of experiments of individual lenses. The relatively high reproducibility is satisfactory considering high number of steps in the sample preparation. The lipid composition of the lens is unusual compared with other mammalian cellular membranes because it has high levels of cholesterol and sphingolipids, especially SMs and dihydrosphingomyelins (DHSM), which may constitute half of the total phospholipid composition ( 14 ) . Conversely, polyunsaturated lipids are almost absent. Surprisingly, we did not observe any DHSMs in this study, but this may be explained by the substantial variation in DHSM levels across mammals (26) (27) (28) . It is believed that the loss of functional integrity of fi ber cell plasma membranes is an early step in the development of cataracts ( 29 ) . Levels of almost all identifi ed SMs increase toward the nucleus, and the cholesterol content increases toward the lens nucleus ( 30, 31 ) . This observation suggests the parallel lipids, which was examined by a laser, stayed preserved. The quality of the SM spatial distribution in the lens tissue was maintained, and ethanol can be used as a fi xative agent for the MSI of lipids. The optical scan displayed in Fig. 4 shows the lens after deposition of the MALDI matrix. Its uniform distribution is one of the conditions for obtaining an MS signal from each point of the MSI image. Figure 5 shows compositional changes between the lens nucleus and cortical layer for each identifi ed SM and ceramide-1-phosphate species. All SMs are more abundant in the nucleus than cortex, and the difference is 5% for 14:0, 37% for 16:0, 36% for 18:0, 27% for 20:0, 19% for 22:1, and 5% for 24:1, as normalized to the most abundant SM (16:0). However, SM 22:0 had the same mean intensity in both the nucleus and cortex. Rujoi et al. ( 13 ) determined regional changes of SMs and PCs based on the average of three-to-four laser shots collected within 50 µm of each other across different parts of the tissue. Regional changes of SMs in the nucleus and cortex using this approach were in relatively good agreement with our MSI results. In our MSI experiments, whole areas of the nucleus and cortex were selected for measurement of the mean intensity of each SM, which resulted in more precise information. Similarly to SMs, both ceramide-1-phosphates are more abundant in the nucleus than in the cortex, and the difference is 3% for CerP (18:1) and 4% for CerP (20:0). Lipids regulation of levels of these lipids. We suggest that this relationship is necessary for providing an optimal lipid environment for integral membrane protein regulation.
CONCLUSIONS
We identifi ed and provided the spatial distribution of seven SMs and two ceramide-1-phosphates in an equatorial slice of the porcine lens using MALDI MSI. SMs were identifi ed as sodium and potassium adducts and protonated ions, while the ceramide-1-phosphates were measured as the sodium adduct alone. Ceramides were not observed. FT-ICR MS provided ultra high mass resolution that minimized undesirable mass peak overlaps and facilitated accurate mass determinations of molecular formulas (high confi dence, <2 ppm). MSI of the entire lens slice allowed for the precise measurement of compositional changes between the lens nucleus and the cortical layer of each SM and ceramide-1-phosphate identifi ed. All investigated lipids were more abundant in the nucleus than in the cortex, except for SM 22:0, which exhibited the same abundance in both examined lens areas. This work focuses on sphingolipids and the more recently discovered ceramide-1-phosphate in porcine lens ( 32 ) . However, several other lipid classes were identifi ed with high confi dence and will be discussed elsewhere. The results presented here are important to increasing our understanding of the role of lipids in healthy and diseased lenses.
